Postharvest physiology and technology: an overview
In a utopia, fruits and vegetables would always be grown under optimal conditions, harvested at the peak of ripening or maturity, and consumed within a few days to ensure full flavor and nutritional value. Clearly such a scenario is not practical, particularly in light of the trend toward very large regional horticultural concerns and the requirement to ship fresh produce to transcontinental and, more recently, global markets. This reality has necessitated development of postharvest technologies to preserve the quality and salability of fruits and vegetables well beyond their normal shelf life. Over the years this research has focused largely on maintaining appearance and texture, with relatively little consideration of flavor and aroma. As a result, the storage and shelf life of many horticultural crops often exceeds their flavor life. An added dimension of this problem is that breeding programs have generally sought to enhance attributes required to endure shipping and long-term storage, or that favor visual appeal (e.g. bright color and large size), sometimes at the expense of flavor and aroma (Goff and Klee, 2006; Tieman et al., 2006) . Finally, the advent of fresh-cut fruits and vegetables as a consumer-driven, multibillion-dollar arm of the fresh produce industry has posed new challenges for food technologists and postharvest biologists to deliver safe, wholesome, flavorful products with maximum shelf life (Watada and Qi, 1999) .
Harvested fruits and vegetables are living, actively respiring organs that have been removed from their source of water and nutrients. Inherently, these typically fleshy or leafy commodities are destined to deteriorate as a consequence of natural or stress-induced senescence, and/or decay by postharvest fungal or bacterial pathogens. The first line of defense against postharvest deterioration is to limit the rates of respiration and water loss. Generally this is accomplished by shipping and storage under conditions of low temperature and high humidity. Another commonly used strategy is to place the produce under controlled or modified atmospheres including low O 2 and, in some cases, elevated CO 2 concentrations. Although these technologies have long been employed as dependable postharvest measures to extend storage life, the specific conditions of temperature, humidity and levels of O 2 and CO 2 must be assessed for each commodity, and often for individual cultivars (such as with apples). The tolerances for low temperature, low O 2 , and high CO 2 are highly variable (Wang, 1990; Beaudry, 1999) . Many fruits and vegetables of tropical or subtropical origin are susceptible to chilling injury at temperatures ranging from roughly 0-15 °C, levels of O 2 below a certain threshold elicit anaerobic respiration, and elevated CO 2 can induce physiological disorders in sensitive commodities. The net result with each of these problems is accelerated deterioration of quality, including altered metabolism that leads to flavor loss or development of off flavor and aroma.
The rate of postharvest senescence is also quite variable among fruits and vegetables. For example, pome fruits can generally be stored for three months or more, whereas broccoli and asparagus last a few weeks under optimal conditions, and fresh-cut products typically have a shelf life of only seven to ten days. Aside from the negative impact of water loss, the gaseous hormone ethylene often plays a central role in triggering and driving senescence of fresh and fresh-cut produce. Ethylene also has a key regulatory role in postharvest ripening of climacteric fruits (e.g. apple, banana, tomato), eliciting desirable changes in flavor and aroma via activation of the required metabolic pathways at the level of gene transcription and translation. Availability of the new inhibitor of ethylene action, 1-MCP, promises to be one of the most important developments in postharvest technology for years to come, and has already had a major impact on the fresh apple industry (Watkins, 2006) . Although 1-MCP treatment is quite effective in extending the storage life and maintaining the firmness and overall quality of apples and other commodities, a common downside is marked suppression of aroma volatile production.
Changes with fruit ripening

Climacteric and non-climacteric fruits
Fruits are grouped in two categories, climacteric and non-climacteric, depending on their physiological regime during ripening. Climacteric fruits (e.g. banana, tomato, mango and apple) exhibit a distinct peak of respiratory activity during ripening, the respiratory climacteric, whereas non-climacteric fruit (e.g. strawberry, grape, orange and cherry) show a slow decline in respiration over the course of ripening. Interestingly, the melon species Cucumis melo includes both climacteric (e.g. cantaloupe) and non-climacteric (e.g. honeydew) fruit types. Sugars and organic acids are the principal respiratory substrates in fruit tissues, and accumulation of these classes of compounds in excess of what is required for postharvest respiration is also a major factor determining fruit flavor (see Chapter10 this volume). The magnitude of the respiratory climacteric is highly variable among fruits and is generally inversely correlated with shelf life (Tucker, 1993) . In nonclimacteric fruits, despite the absence of a respiratory increase with ripening, a relatively high basal rate of respiration usually equates with a short shelf life. The transient rise in respiration in climacteric fruit is associated with a more or less concurrent burst of autocatalytic ethylene production, whereas ethylene levels remain low during ripening of non-climacteric fruits. Ethylene regulates many important processes and metabolic changes associated with climacteric ripening (Brady, 1987) . In contrast, ethylene is not required for ripening of non-climacteric fruits, although it can influence certain late elements of the regime, such as degreening and carotenogenesis in citrus fruits (Stewart and Wheaton, 1972; Rodrigo and Zacarias, 2007) .
With respect to postharvest handling and strategy, climacteric and non-climacteric fruits differ considerably, inasmuch as the former will complete ripening after harvest, particularly when treated with exogenous ethylene, whereas the latter will not ripen further when removed from the plant. For both types of fruit, it is generally advantageous to delay harvest as long as is feasible to optimize sugar content and color development (see Chapter 10 this volume). However, storage life of climacteric fruits is maximized by harvesting when fully mature but still in the pre-climacteric state. Consequently, in the commercial situation many of the desirable changes in flavor and aroma occur after harvest. With non-climacteric fruits, on the other hand, care must be taken not to harvest when over-ripe or senescent. The postharvest objective is to maintain the fruit in a fresh-like state as long as possible, delaying flavor loss or development of off flavors and aroma.
Aroma development during fruit ripening
Many fruits produce in excess of 100 volatile aroma compounds, although generally a relatively small percentage of these are considered to be major contributors to the unique flavor of a particular fruit (Baldwin, 2004; Goff and Klee, 2006) . As elaborated elsewhere in this volume (Chapters 4, 13 and 14), aroma volatiles in ripe fruit are derived primarily from metabolites of fatty acids, amino acids and carbohydrates, with usually minor but often important additional components coming from the shikimate, phenylpropanoid, and isopentenoid pathways. Increasingly during the past decade, the tools of molecular biology have enabled rapid progress in elucidating and characterizing a number of the key genes and enzymes involved in generation of fruit aroma volatiles. These include, but are certainly not limited to, lipoxygenases (LOXs), hydroperoxide lyases (HPLs), alcohol acyl-transferases (AATs), alcohol dehydrogenases (ADHs), terpene synthases (TPSs) and carotenoid cleavage dioxygenases (CCDs).
With varying degrees of substrate and product specificity, the sequential action of LOX and HPL on linoleic and linolenic acids yields C6 and/or C9 saturated or unsaturated aliphatic aldehydes (Feussner and Wasternack, 2002; Matsui, 2006) . These can then be reduced by ADH to the corresponding alcohols, which along with many other alcohols and an equally broad array of organic acids serve as substrates for AAT in the formation of esters that confer characteristic fruity or floral notes (see Chapters 4 and 13 this volume). The TPSs of major interest with respect to fruit aroma are mono-and sesquiterpene synthases that yield 10-and 15-carbon isopentenoids, respectively, from the corresponding geranyldiphosphate (GDP) and farnesyldiphosphate (FDP) precursors (Aharoni et al., 2006) . Finally, CCDs utilize different carotenoid substrates to generate (usually) C9 to C13 ketones or aldehydes, referred to as norisoprenoids or apocarotenoids, which can have a major impact on fruit flavor (Leffingwell, 2001; Simkin et al., 2004) .
Lipoxygenase (LOX) and hydroperoxide lyase (HPL) metabolism of linoleic and linolenic acid
In-depth studies of LOX and HPL activities and localization during fruit ripening have been conducted with climacteric tomato (Riley et al., 1996; Thompson, 1997, 1998; Yilmaz et al., 2002) and non-climacteric strawberry (Pérez et al., 1999; Leone et al., 2006) . As observed in numerous other investigations, cutting or maceration of the tissue greatly increased LOX/HPL-mediated generation of C6 volatiles. For both fruits it was shown that linolenic acid (18:3) was the preferred LOX substrate and HPL activity was rate-limiting in the generation of C6 aldehydes. LOX and HPL activities from strawberry were mostly membrane or lipid-protein particle associated, whereas tomato LOX was mainly soluble and HPL predominantly microsomal. Curiously, Leone et al. (2006) found that both LOX and HPL activities declined substantially with strawberry ripening, yet production of hexanal increased dramatically in ripe fruit (also shown by Pérez et al., 1999) , suggesting the involvement of non-enzymatic lipid peroxidation. Bruising of red ripe strawberries resulted in rapid increases in LOX and HPL activity, and emission of (E)-2-plus (Z)-3-hexenal, followed by evolution of downstream alcohol and ester products of aldehydes from the LOX/HPL pathway (Hamilton-Kemp et al., 2003; Myung et al., 2006) . In tomato fruit, Riley et al. (1996) found that microsomal LOX activity increased between the mature-green and breaker stages, declining thereafter, while HPL activity changed little during ripening. LOX and HPL activities were assayed in stored fruit of 12 tomato cultivars at the green, pink, and red stages by Yilmaz et al. (2001 Yilmaz et al. ( , 2002 , who found that both enzyme activities peaked at the pink stage, were highly variable among cultivars, and were not influenced by the stage of ripening at harvest. As noted for strawberry, these results were not entirely in accord with C6 aldehyde production, which in tomato was about four-to five-fold greater in macerates from red compared with green fruit (Riley and Thompson, 1998 ).
An explanation for this apparent incongruity has come from work characterizing LOX genes and their expression in tomato fruit. It is now known that plants include families of LOX genes with a broad range of physiological functions (Feussner and Wasternack, 2002; Liavonchanka and Feussner, 2006) , and there are five LOX genes, designated Tomlox(A-E), with varying patterns of expression in ripening tomatoes (Chen et al., 2004) . TomloxC, one of two Tomlox genes with a chloroplast targeting sequence, was shown to be strongly up-regulated between the mature green and turning stages under the control of ethylene plus an unknown developmental factor (Griffiths et al., 1999) . It was subsequently demonstrated in a study employing Tomlox antisense and sense transgenic tomato lines that the product of TomloxC is almost entirely responsible for generation of C6 aldehydes and alcohols in macerated fruit tissue, and is in fact localized in chloroplasts (Chen et al., 2004) . Surprisingly, there has been little work on HPL gene expression in tomato fruit. One complete HPL cDNA was cloned using RNA from immature fruit and the recombinant cytochrome P450 enzyme was characterized, showing a substrate preference for 13S-hydroperoxylinolenic acid (13S-HPOT) over 13S-hydroperoxylinoleic acid (13S-HPOD), and little activity with 9S-HPOT or 9S-HPOD (Matsui et al., 2000) . Expression of this HPL gene during fruit ripening was not examined, but the encoded enzyme is nearly identical to an HPL cloned using tomato leaf RNA (CYP74B3), which has been studied in greater detail. The bacterially expressed leaf HPL (LeHPL) also strongly preferred 13S-HPOT as substrate (Howe et al., 2000) , and it was shown that despite the lack of a chloroplast targeting sequence, native LeHPL was integrated into the outer chloroplast envelope membrane with most of the protein located on the inner membrane surface (Froehlich et al., 2001) . Taken together, these studies support a proposed scheme wherein tomato fruit LOX and HPL isozymes co-localized in chloroplasts are provided with 18:3 and 18:2 substrates derived from lipolysis in thylakoid membranes during the ripening-associated transformation to chromoplasts. It is interesting to note that in a study of red ripe tomatoes of three cultivars stored for up to 21 days at 20 °C (simulating market or household conditions), hexanal and several other important aroma volatiles uniformly increased postharvest, whereas (Z)-3-hexenal tended to decline . Moreover, hexanal, along with 2-isobutylthiazole, was related to the undesired attribute 'mouldy', which increased in intensity during storage.
Concerning the roles of LOX and HPL genes and enzymes in aroma volatile production in other fruits, there is currently little information. Complete LOX cDNAs have recently been reported for fruit of strawberry (GenBank accession number AJ578035), honeydew melon (DQ267934) and kiwifruit (DQ497792 and DQ497797). The only report pertaining to these showed that CmLOX1 is expressed at low levels in mesocarp tissues of 'Honey Brew' hybrid honeydew melons, attaining maximum transcript abundance at about the time of harvest (Whitaker and Lester, 2006) . Although the amino acid sequence identifies the encoded CmLOX1 protein as a 13S-LOX, it is 93% identical to a cucumber root LOX that generates both 13S and 9S products, and also can act on phospholipid substrates. A 98-kDa LOX protein from olive fruit was recently purified to homogeneity and biochemically characterized (Lorenzi et al., 2006) . The olive LOX was found to be more active with 18:2 than with 18:3 and yielded 13S-HPOD from 18:2, consistent with C6 aldehydes being important, desirable aroma volatiles in virgin olive oils (Angerosa et al., 2004) . Hot water treatments of olive fruit to reduce oil bitterness altered the aroma volatile profile, reducing levels of C6 aldehydes apparently as a result of partial inhibition of LOX plus HPL activities (Pérez et al., 2003) . HPL genes have been cloned from fruit of bell pepper (Matsui et al., 1996) , guava (Tijet et al., 2000) and cantaloupe melon (Tijet et al., 2001) . In each case the RNA used was isolated from immature or unripe fruit, and there was no analysis of gene expression over the course of fruit ripening. The recombinant HPL enzyme from bell pepper was membrane associated and cleaved 13S-HPOD releasing hexanal, whereas the guava HPL expressed in E. coli showed ten-fold higher activity with 13S-HPOT than with 13S-HPOD or with either 9S hydroperoxide, in accordance with the report of (Z)-3-hexenol and (Z)-3-hexenyl acetate as major aroma volatiles from guava fruit (Vernin et al., 1991) . In contrast with the bell pepper and guava HPLs, the recombinant enzyme from cantaloupe melon showed a substrate preference of 9S-HPOT over 9S-HPOD, and also had moderate activity with the 13S hydroperoxides. An HPL purified from cucumber fruit also preferred 9S over 13S substrates, although it was somewhat more efficient with 9S-HPOD compared with 9S-HPOT (Hornostaj and Robinson, 1999) . C9 aldehydes are important components of melon and cucumber fruit aroma (Schieberle et al., 1990) , and a recent study showed that 9-HPL activity increases in cucumbers to full maturity, while 13-HPL activity declined throughout development and was 2.5-fold lower than that of 9-HPL in mature fruit (Matsui et al., 2006) .
Interconversion of aldehydes and alcohols by alcohol dehydrogenase (ADH)
Alcohol dehydrogenases (ADHs) contribute to the biosynthesis of fruit aroma volatiles via interconversion of aldehydes and alcohols, the latter also serving as substrates for production of esters by alcohol acyltransferases (AATs). ADH genes have been cloned from fruit of apple (GenBank accession number Z48234), grape (AF194173, AF194174, AF194175), grapefruit (DQ083539), muskmelon (DQ288986, DQ288987), pear (AF031899, AF031900) and tomato (X77233), yet there are few reports of changes in ADH gene expression during fruit ripening and storage. Over a decade ago it was shown that the ADH2 gene is strongly upregulated during tomato fruit ripening, particularly at the later stages, and the level of transcript increased a remarkable 100-fold within 8-16 hours of hypoxia under a 3% O 2 atmosphere (Chen and Chase, 1993; Longhurst et al., 1994) . Suppression or over-expression of ADH2 in fruit of tomato plants transformed with constructs of the cDNA driven by the CaMV 35S or polygalacturonase promoter resulted in an appreciable decrease or increase, respectively, in the levels of hexanol and (Z)-3-hexenol, without affecting levels of the corresponding aldehydes (Speirs et al., 1998) . In preliminary taste trials, transgenic fruit with increased ADH activity were deemed to have a more intense ripe fruit flavor. By contrast with tomato, in 'Granny Smith' apple fruit steady-state levels of ADH mRNA decreased during postharvest ripening (Reid et al., 1996) . A less than twofold increase in ADH gene expression occurred during 0.5 °C storage in air, or with high CO 2 (20%) or ethanol vapor (1 mL L -1 ), and a ninefold increase or less was induced by ultra-low oxygen (0.3%) and CO 2 (0.02%) CA storage. Recently, Defilippi et al. (2005a,b) determined that neither ADH gene expression nor production of alcohols in ripening apple fruit is regulated by ethylene. Similarly, Mita et al. (2006) found that an ADH gene (Pm38) was up-regulated during ripening of Japanese apricot (Prunus mume), but its expression was not altered in response to ethylene or wounding. Storage of 'Bartlett' pears under 0.25% O 2 CA at 20 °C increased the levels of ethanol and ADH activity, and the latter remained elevated during subsequent ripening in air (Ke et al., 1994) . Comparison of ADH gene expression and enzyme activity in 'Packham's Triumph' pears ripened after two months of -1 °C storage in air or 3% O 2 CA (hypoxia) showed that although a post-storage increase in ADH expression was greater in air-stored fruit, ADH activity remained about twofold higher in CA-stored fruit, and there was little difference between air-and CAstored pears in accumulation of ethanol, methanol and acetaldehyde (Chervin et al., 1999) . Three full-length ADH cDNAs were cloned from grape (Vitis vinifera), and their patterns of expression during berry development were determined (Tesnière and Verriès, 2000) . Transcript of VvAdh2 increased sharply after véraison and accounted for the bulk of the ADH activity in ripening fruit. Although grapes are non-climacteric, Tesnière et al. (2004) showed that treatment with the blocker of ethylene action 1-MCP inhibited the ripening-associated increase in ADH activity. Manríquez et al. (2006) recently demonstrated that fruit-specific expression of two highly divergent ADH genes (Cm-ADH1 and Cm-ADH2) is likely to play a key role in the regulation of aroma production in 'Charentais' cantaloupe melons. Maximum transcript levels of both genes coincided with the peak of the ethylene and respiratory climacteric. Moreover, Cm-ADH1 and Cm-ADH2 expression was greatly reduced in ACO antisense-suppressed and 1-MCP-treated fruit. The yeast-expressed recombinant enzymes from both cDNAs showed much greater activity as reductases, with a marked preference for aliphatic aldehyde substrates, although Cm-ADH1 was also able to reduce several branched aldehydes.
Role of acyltransferase (AAT) in the formation of esters
Progress on the cloning and characterization of alcohol acyltransferases (AATs) from ripening fruit has been rapid since the first report of an AAT gene (SAAT) involved in biogenesis of strawberry flavor (Aharoni et al., 2000) . SAAT expression was specific to the fruit receptacle, increasing sharply at the white stage and remaining high at the red and dark red stages of ripening. The bacterially expressed SAAT enzyme used a broad range of substrates and was capable of generating all major esters among strawberry fruit volatiles. Substrate availability and the temporal expression of SAAT are thought to regulate fruit ester biosynthesis. Subsequent to cloning of SAAT, studies of AAT gene expression in relation to fruit ripening and aroma production have been reported for cantaloupe melon (Yahyaoui et al., 2002; El-Sharkawy et al., 2005) , apple (Defilippi et al., 2005b; Souleyre et al., 2005; , banana (Beekwilder et al., 2004) , Concord grape (Wang and De Luca, 2005) , and Japanese apricot (Mita et al., 2006) . A family of four AAT genes was cloned from 'Charentais' melon, three of which (Cm-AAT1, Cm-AAT3 and Cm-AAT4) yielded active enzymes with distinct substrate specificities when expressed in yeast (Yahyaoui et al., 2002; El-Sharkawy et al., 2005) . Activity of recombinant Cm-AAT2 was restored by mutating 268-alanine to 268-threonine and Cm-AAT1 was inactivated by mutating 268-T into 268-A. All four Cm-ATT genes were strongly up-regulated during ripening, beginning in the early climacteric phase. Experiments with ACO antisense suppressed melons and normal fruit treated with 1-MCP or ethylene showed that expression of the four genes is positively regulated by ethylene. The multiple, functionally diverse Cm-AAT enzymes in 'Charentais' melon can account for the great diversity of esters produced. In apple expression of AAT genes is not usually restricted to fruit (Souleyre et al., 2005; Park et al., 2006 recently reported that MdAAT2 from 'Golden Delicious' is fruit-specific, and MdAAT2 protein is localized mainly in the peel tissue. As well, the highest level of MpAAT1 transcript was in the skin of ripening 'Royal Gala' apples (Souleyre et al., 2005) . Expression of AAT2 during postharvest ripening of 'Greensleeves' apples was tightly regulated by ethylene (Defilippi et al., 2005b) . Production of aldehydes and alcohols in fruit of ACO-silenced transgenic 'Greensleeves' was close to normal, whereas ester biosynthesis was markedly reduced, indicating the requirement for ethyleneinduced AAT2 expression. Similarly, transcription and translation of MdAAT2 were depressed by 1-MCP treatment of 'Golden Delicious' fruit, and ester production was inhibited . In banana fruit as well, 1-MCP treatment substantially increased accumulation of alcohols and inhibited production of the related esters (Golding et al., 1999) . Recombinant MpAAT1 from 'Royal Gala' apple could use a broad range of substrates, but preference varied with concentration suggesting that substrate levels could be a key factor determining the distinct aroma profile (Souleyre et al., 2005) . 'Golden Delicious' tissue disk assays with added alcohols also indicated that apple ester production largely depends on available substrates . Using differential display analysis of genes expressed in pericarp tissue of Japanese apricot, Mita et al. (2006) identified an AAT gene, Pm94, which was up-regulated during ripening and in response to ethylene or wounding. Wang and De Luca (2005) showed that an unusual AAT enzyme (AMAT) capable of using methanol and anthranilic acid as substrates accumulates to high levels in outer mesocarp tissue of ripening Concord grape (Vitis labrusca) berries. The AMAT gene was not expressed in V. vinifera fruit, which do not produce the methylanthranilate ester characteristic of Concord grape aroma. AMAT transcript and protein peaked in Concord grape berries during the last stage of ripening, coincident with maximum accumulation of anthranilic acid and methylanthanilate. Other studies with fruit AATs have indicated that substrate specificity does not usually determine which esters are produced. Bacteriallyexpressed AATs from wild strawberry (Fragaria vesca) and banana (Musa sapientum) were tested for substrate specificity, and for neither enzyme did the results reflect the characteristic ester profile from ripening fruit (Beekwilder et al., 2004) . Expression of SAAT in transgenic petunia did not alter the volatile profile and supplying exogenous isoamyl alcohol resulted in production of isoamyl acetate. It was concluded that the ester profile of fruits is determined to a large extent by the abundance of alcohol and acyl-CoA precursors.
Terpenoid volatiles derived from terpene synthases (TPSs) and carotenoid cleavage dioxygenases (CCDs )
Study of the genes and enzymes involved in biosynthesis of monoterpenes, sesquiterpenes and norisoprenoids (apocarotenoids) in ripening fruit is still more or less in its infancy, in part because of the great diversity and complexity of these compounds. Generally, mono-and sesquiterpene volatiles appear to be important contributors to the aroma profiles of non-climacteric rather than climacteric fruits, the most obvious example being citrus fruits, which owe much of their distinctive aromas to these terpenes (Lücker et al., 2002; Sharon-Asa et al., 2003) . However, in terms of relevance to postharvest changes in flavor and aroma, there is evidence that synthesis of some impact compounds is stimulated by ethylene (Tomás et al., 1993; Sharon-Asa et al., 2003) , terpenoids can be major contributors to the flavor of fruit juices and wines (Maccarone et al., 1998; Martin and Bohlmann, 2004) , and mono-and sesquiterpene alcohols are often sequestered as glycosides that can release aroma volatiles when cleaved by endogenous or exogenous glycosidases (Hasegawa et al., 1989; Lund and Bohlmann, 2006) . One climacteric fruit in which terpenes are dominant flavor and aroma compounds is mango (MacLeod and Pieris, 1984) . Monoterpenes in combination with smaller amounts of sesquiterpenes composed 80% or more of the total volatiles produced by ripening 'Kensington Pride' mango fruit, and significant changes in the terpene profile occurred over the course of ripening (Lalel et al., 2003a) . Peak evolution of most monoterpenes coincided with the crest of the climacteric, whereas maximum production of the major monoterpene, α-terpinolene, as well as the major sesquiterpene, germacrene D, occurred three to four days later in fully ripe fruit.
Terpene synthase genes with a role in aroma production in ripening fruits have been cloned from 'Valencia' orange (Sharon-Asa et al., 2003) , lemon (Lücker et al., 2002) , wild and cultivated strawberry (Aharoni et al., 2004) , grape (Lücker et al., 2004; Martin and Bohlmann, 2004) , apple (Pechous and Whitaker, 2004) and pear (Gapper et al., 2006) . The sesquiterpene synthase gene Cstps1 from 'Valencia' orange was expressed in bacteria and the recombinant enzyme yielded only one product from FDP, the flavor impact compound valencene (Sharon-Asa et al., 2003) . Cstps1 transcript increased sharply during fruit maturation, coincident with valencene accumulation, and both valencene production and Cstps1 expression were stimulated by ethylene. Aharoni et al. (2004) rigorously established the molecular genetic basis of the profoundly different terpene aroma profiles in ripe fruit of cultivated and wild strawberry species. Briefly stated, they found that the truncated FaNES gene is abundantly expressed during ripening of cultivated Fragaria ananassa but not wild F. vesca and accounts for production of the monoand sesquiterpene alcohols linalool and nerolidol in the cultivated species. Conversely, FvPINS is abundantly expressed in ripening F. vesca fruit, whereas the counterpart in F. ananassa was knocked out by an insertional mutation. FvPINS encodes a monoterpene synthase that determines the terpene profile of wild strawberry fruit, which includes α-pinene and a few other monoterpenes, as well as the downstream products of α-pinene, myrtenol and myrtenylacetate. Flavor and aroma of some Vitis vinifera grape varieties includes volatile terpenes as dominant components. Monoterpenes contribute to grape and wine aroma and flavor both as free volatiles and as glycosides of monoterpene alcohols. Two V. vinifera cDNAs were identified as (-)-α-terpineol synthases (Martin and Bohlmann, 2004) . Their recombinant enzymes produced mainly (-)-α-terpineol from geranyldiphosphate (GDP), but also a few other monoterpenes including (-)-α-pinene, (+)-α-pinene, and 1,8-cineole. Two sesquiterpene synthases have also been cloned from V. vinifera, including VvVal, a (+)-valencene synthase (Lücker et al., 2004) . Recombinant VvVal enzyme yielded (+)-valencene and lesser amounts of (-)-7-epi-α-selinene from FDP. VvVal transcript increased sharply in the final stage of grape berry ripening. In the climacteric pome fruits apple and pear, many cultivars accumulate high concentrations of the sesquiterpene (E,E)-α-farnesene in the peel tissue during low temperature storage. AFS1, the gene encoding apple (E,E)-α-farnesene synthase, was cloned using peel tissue RNA of cold-stored 'Law Rome' apples, and the bacterially expressed enzyme yielded (E,E)-α-farnesene as the predominant product of FDP (Pechous and Whitaker, 2004) . The analogous and nearly identical gene PcAFS1 was subsequently cloned using peel tissue RNA from 'd'Anjou' pears (Gapper et al., 2006) . Both AFS1 and PcAFS1 are strongly up-regulated by ethylene during the first few weeks of cold storage, followed closely by accumulation of α-farnesene in the peel tissue (Pechous et al., 2005; Gapper et al., 2006) . Pre-storage treatment with 1-MCP blocked the induction of AFS1 and PcAFS1 expression, and consequently the accumulation of α-farnesene, for several months. The ability to genetically engineer monoterpene production and consequently alter fruit aroma in tomato was demonstrated by Lewinsohn et al. (2001) . Specific addition of S-linalool and 8-hydroxylinalool to the aroma profile of ripening tomato fruit was accomplished by transforming tomato plants with a Clarkia breweri S-linalool synthase gene driven by the fruit-specific E8 promoter. The future potential for metabolic engineering of mono-and sesquiterpenoids in plants was the subject of a recent review by Aharoni et al. (2006) .
Whereas mono-and sesquiterpenes are produced by an array of synthases and cyclases that use GDP and/or FDP as substrate, norisoprenoids are products of oxidative cleavage of carotenoids and consequently their cyclic or acyclic structures depend on the carotenoids from which they are derived, as well as the site of cleavage. Also called apocarotenoids, these terpenoids are important flavor and aroma constituents in numerous fruits and berries, including apricot, cantaloupe, carambola, grape, grapefruit, kiwi, mango, passionfruit, tomato, blackberry and raspberry (Leffingwell, 2001 ). It has long been known that oxidative cleavage of carotenoids yielding flavor compounds is at least partly an enzymatic process, but only recently have researchers begun to elucidate the carorotenoid cleavage dioxygenase (CCD) genes and enzymes involved in generation of norisoprenoids (Lewinsohn et al., 2005a,b) . CCD enzymes have been partially purified from peel tissue of climacteric quince (Cydonia oblonga) and non-climacteric carambola (Averrhoa carambola) fruits (Fleishmann et al., 2002 (Fleishmann et al., , 2003 . For both quince and carambola, CCD activity with β-carotene as substrate was detected in proteins isolated from ripe but not from unripe fruit, and there was evidence of multiple isozymes. Cleavage of β-carotene by the partially purified CCDs from carambola yielded β-ionone, a major norisoprenoid aroma impact volatile produced in vivo by ripened fruit (Fleishmann et al., 2003) . Genes encoding CCDs have been cloned from three Citrus species (Kato et al., 2006) , V. vinifera grape (Mathieu et al., 2005) , tomato (Simkin et al., 2004) , and melon (Cucumis melo) (Ibdah et al., 2006) . Nearly identical CitCCD1 genes were isolated from 'Satsuma' mandarin (Citrus unshiu), 'Valencia' orange (C. sinensis), and lemon (C. limon), and their expression in flavedo and juice sac tissues was shown to increase during the late maturation of each fruit (Kato et al., 2006) . The encoded CitCCD1 proteins did not include a plastid targeting sequence, and the recombinant enzymes showed broad substrate specificity for β,β-xanthophylls (e.g. zeaxanthin), performing symmetrical cleavage at the 9,10 (9',10') position. Mahattanatawee et al. (2005) identified four norisoprenoids, α-ionone, β-ionone, β-cyclocitral and α-damascenone, as aroma impact compounds in 'Valencia' orange juice, together accounting for close to 80% of the floral aroma. The putative carotenoid precursors α-and β-carotene, α-and β-cryptoxanthin and neoxanthin were also detected in the juice. A fulllength CCD cDNA, VvCCD1, was cloned from V. vinifera and bacterially expressed (Mathieu et al., 2005) . VvCCD1 recombinant enzyme cleaved zeaxanthin symmetrically, yielding 3-hydroxy-β-ionone and a C 14 -dialdehyde. Induction of VvCCD1 expression occurred at véraison and increasing transcript levels paralleled accumulation of C 13 -norisoprenoids from véraison to full maturity. As noted for mono-and sesquiterpene alcohols, hydroxylated norisoprenoids often accumulate as glycoside conjugates during fruit maturation and ripening (Aubert et al., 2003a; Lund and Bohlmann, 2006) . Two CCD genes, LeCCD1A and LeCCD1B, were cloned from tomato and it was shown that LeCCD1B transcript increased substantially during fruit ripening, reaching very high levels by the orange stage (Simkin et al., 2004) . LeCCD1A and LeCCD1B exhibited broad substrate specificity in both in vivo assays, within E. coli cells engineered to accumulate specific carotenoids, and in vitro assays with recombinant enzymes. The reaction products indicated symmetrical cleavage yielding a C 14 dialdehyde and a C 13 cyclohexanone. Over-expression of an antisense LeCCD1B construct reduced mRNA of both genes by about 90% in leaves and fruits, with no effects on plant phenotype. Production of the norisoprenoids β-ionone and geranylacetone in fruit of the antisense transgenics was reduced by 50% or more, indicating a likely role of the LeCCD1 genes in formation of these flavor volatiles. Cloning and functional characterization of a single CCD gene from muskmelon (Cucumis melo), CmCCD1, was recently reported by Ibdah et al. (2006) , and the results were quite similar to those with tomato LeCCD1A and LeCCD1B. Specifically, expression of CmCCD1 in E. coli cells engineered to produce single carotenoids showed 9,10 and 9',10' cleavage, yielding geranylacetone from phytoene, pseudoionone from lycopene, β-ionone from β-carotene, and α-ionone plus pseudoionone from δ-carotene.
Expression of CmCCD1 in pale green-fleshed (var. inodorus) and orange-fleshed (var. reticulatus) fruit increased about four-fold and eight-fold, respectively, during full ripening, despite the fact that pale green (honeydew type) melons contain no β-carotene and consequently produce no β-ionone. The conclusion of Lewinsohn et al. (2005a,b) from studies with near-isogenic tomato lines altered in fruit carotenoid composition, as well as an analogous group of differently pigmented watermelon varieties, was that production of norisoprenoids is very much dependent on the available carotenoid substrates. As a result, genetic variation in carotenoid content can profoundly influence fruit flavor and aroma. For example, a two-fold increase in total carotenoids in transgenic tomato fruit expressing the bell pepper fibrillin gene resulted in a similar increase in production of the carotenoid-derived volatiles 6-methyl-5-hepten-2-one, geranylacetone, β-ionone, and β-cyclocitral (Simkin et al., 2007) .
Influence of storage conditions and pre-storage treatments
6.4.1 Off flavors resulting from chilling injury and fermentative metabolism Maintaining the cold chain during handling, shipping, storage, and marketing is the first rule of good postharvest practice. The aim is to hold produce at the lowest possible non-injurious temperature to retard ripening, senescence and general metabolism. However, many horticultural crops, and in particular fruits and vegetables of tropical or subtropical origin, are prone to chilling injury when stored at temperatures ranging from just above 0 °C to as high as 10-15 °C for some very sensitive commodities such as banana, mango, breadfruit and jicama (Wang, 1990) . Injurious low temperature of sufficient duration profoundly alters the metabolism of chilling-sensitive produce, often resulting in loss of flavor or development of off flavor. For example, along with the much-studied loss of juice and wooly texture of chill-injured peaches and nectarines (Lurie and Crisosto, 2005) , there is a distinct loss of sweetness and 'peachy' aroma derived from γ-and δ-decalactones (Brovelli et al., 1998) . Off flavor development in non-melting flesh peach genotypes during storage at 8 °C was correlated with increases in ethanol, phenolics, and polyphenol oxidase activity, and a coincident decline in sugars and soluble solids (Karakurt et al., 2000) . In mango, chilling injury adversely altered aroma, causing a general decrease in production of all ripening-associated volatiles (Nair et al., 2004) .
In combination with low temperature, low O 2 and/or high CO 2 controlled atmospheres (CA), or modified atmosphere packaging (MAP), are frequently used to limit respiration, reduce ethylene production and responses (induction of ripening and senescence) and inhibit growth of postharvest pathogens. As well, coatings of waxes and other substances are often applied to fruit prior to storage to reduce water loss and maintain a glossy appearance, and this can modify the fruit's internal atmosphere. Although these technologies are generally effective in maintaining quality and extending storage or shelf life, under some circumstances there can be dire consequences, such as development of CO 2 -induced disorders (Watkins et al., 1997) or production of highly offensive odors (Forney et al., 1991) . The response of an individual fruit or vegetable to particular low temperature plus CA or MAP conditions is quite variable, and depends on the cultivar, maturity at harvest, and preharvest factors (Beaudry, 1999; Watkins and Pritts, 2001 ). The primary cause of off flavor development during postharvest storage or subsequent shelf life is accumulation of the fermentative metabolites acetaldehyde and ethanol as a result of various types of stress, including low or high O 2 and/or high CO 2 atmospheres, injurious chilling, and hypoxia induced by coatings (Cameron, 2003; Pesis, 2005) . Acetaldehyde production occurs with ripening in all fruits, but tissue levels are often greatly increased by use of coatings and CA or MAP storage. Postharvest treatment with acetaldehyde or ethanol can be used to promote synthesis of volatiles and improve aroma, but above threshold levels that are often quite low in tropical fruits, phytotoxicity can be a problem (Pesis, 2005).
Short-term low O 2 CA induced off flavors in strawberry, papaya, and mango. Ten days of £0.25% O 2 at 0 or 5 °C induced off flavors in strawberry fruit that were correlated with high levels of ethanol, ethyl acetate and acetaldehyde (Ke et al., 1991) . Insecticidal quarantine treatment of papaya for more than three days in 0.4% O 2 resulted in off flavors correlated with increased activities of pyruvate decarboxylase (PDC) and lactate dehydrogenase but not ADH (Yahia et al., 1992) . Lastly, fruit of two mango varieties developed off flavors due to ethanol accumulation after two to three weeks under 2 or 3% O 2 CA at 12-15 °C (Bender et al., 2000) . Contrary to these examples, certain tree fruits, including preclimacteric apples and avocados, can tolerate and actually benefit from low or ultra-low O 2 CA storage. Initial low oxygen stress (0.25 or 0.4% O 2 ) for two weeks followed by several months of CA storage under 1 or 1.5% O 2 at about 1 °C effectively controlled superficial scald disorder and maintained overall quality in apple fruit (Wang and Dilley, 2000; Zanella, 2003) . In 'Haas' avocado fruit, accumulation of acetaldehyde and ethanol, and associated increases in PDC and ADH activities, occurred after 4-5 days at 6 °C under £0.4% O 2 CA (Burdon et al., 2007) . However, these fermentative metabolites and enzyme activities were rapidly restored to basal levels after increasing O 2 to g2%, indicating that avocado should be amenable to dynamic CA storage for maintenance of optimal quality.
Use of certain coatings on guava (McGuire and Hallman, 1995), mango (Baldwin et al., 1999) , and mandarin (Hagenmaier, 2002) induced anaerobic respiration and elevated levels of ethanol and acetaldehyde. In the case of mandarin, application of the least permeable coatings resulted in poor flavor scores. A more recent study determined that increased ethanol and acetaldehyde concentrations in waxed and fungicide-treated fruit of two mandarin cultivars stored under 1, 3, or 5% O 2 CA at 5 °C did not significantly alter flavor, but there was no extension of storage life compared with air controls (Luengwilai et al., 2007) . For fruit and vegetable products placed in MAP, the respiration rate of the product and the O 2 /CO 2 transmission rates of the packaging material must be carefully considered, and proper low temperature must be maintained (Smyth et al., 1999; Cameron, 2003) . Storage of cherries (Meheriuk et al., 1997; Petracek et al., 2002) and litchi fruit (Pesis et al., 2002) in plastic films (MAP) resulted in anaerobic conditions and production of unacceptably high levels of ethanol and acetaldehyde. Oddly enough, high O 2 CA storage of strawberries (40-100% O 2 ), tested as a treatment to control decay, also resulted in fermentative metabolism and greatly increased levels of acetaldehyde, ethanol and ethyl acetate (Wszelaki and Mitcham, 2000) . In contrast, storage of fresh-cut bell pepper cubes at 5 °C under 50 or 80% O 2 plus 15% CO 2 for up to nine days inhibited growth of microbes while maintaining overall sensory quality (Conesa et al., 2007) . An intriguing new GRAS chemical treatment of strawberries to slow decay and extend storage and flavor life without use of CA or MAP was recently reported by Mo and Sung (2007) . As an outgrowth of studies on biocontrol of postharvest fungal pathogens, it was found that fumigation of fruit with 1 mM phenylethyl alcohol controlled decay, markedly reduced loss of water, sugars and organic acids, and preserved a fresh-like profile of aroma volatiles for up to 15 days at 4 °C in ventilated air storage.
Radio frequency (RF) heating is being developed as an alternative to methyl bromide for quarantine treatments to eradicate medfly larvae and other insect pests. A recent study found that although RF heating of oranges induced much less accumulation of acetaldehyde and ethanol than conventional hot water heating, there were still substantial changes in levels of other constituents of the aroma profile, most notably hexanal and mono-and sesquiterpenes (Birla et al., 2005) . Sensory panel evaluations will be required to determine if the RF heat-treated fruit are acceptable to consumers.
Influence of storage conditions on sensory quality of immature green vegetables
Harvest-induced senescence Green vegetables such as broccoli florets and asparagus spears are young, actively growing tissues and consequently have high metabolic and respiratory rates when harvested. These crops are prone to harvest-induced senescence, which is initiated within a few hours after removal from the parent plant (King and O'Donoghue, 1995; Downs and Somerfield, 1997) . The senescence program is promoted by ethylene or dehydration and inhibited by cytokinin or sucrose, and is characterized by rapid depletion of sugars and organic acids, proteolysis, lipid peroxidation, increases in free amino acids and ammonia, and alteration of gene expression (King and Morris, 1994; Zhuang et al., 1995; Coupe et al., 2003; McKenzie et al., 2004; Gapper et al., 2005) . The changes in gene expression include differentially regulated induction of at least four cysteine proteases (Coupe et al., 2003) and a marked up-regulation of asparagine synthase as a consequence of sucrose depletion (Downs and Somerfield, 1997; Winichayakul et al., 2004) . Even in the early stages, these dramatic changes result in loss of fresh flavor and coincident increase in undesirable flavor and aroma. The flavor acceptability of asparagus spears decreased significantly after two days at 1 °C, with an additional decline during the subsequent five days of storage (King et al., 1988) . This loss of sensory quality was associated with off flavor development, decreased soluble carbohydrates, and an increase in soluble protein.
Benefits of low temperature, high humidity, and controlled atmosphere (CA) or modified atmosphere packaging (MAP) storage
The best measures to retard harvest-induced senescence and maintain fresh-like sensory quality are rapid cooling with little delay after harvest and subsequent maintenance of low temperature and high humidity during storage (Toivonen and Forney, 2004; Jones et al., 2006) . However, there also has been considerable success in devising suitable CA or MAP conditions for preservation of quality in broccoli florets up to twice as long as in air storage (Jacobsson et al., 2004; Toivonen and Forney, 2004; DeEll et al., 2006) . Jacobsson et al. (2004) found that use of low-density polyethylene film, inclusion of an ethylene-absorbing sachet, and a package atmosphere of 5% O 2 , 7% CO 2 for MAP storage gave the best freshlike sensory quality of cooked broccoli. DeEll et al. (2006) showed that use of packets including sorbitol plus potassium permanganate markedly reduced accumulation of off odor fermentative volatiles in MAP broccoli during 29 days of storage at 0-1 °C. These good results notwithstanding, there is always the potential for production of malodorous volatile sulfur compounds, most notably methanethiol and dimethyl disulphide, when O 2 falls below 1% or CO 2 exceeds 10% (Forney et al., 1991; Hansen et al., 1992; Di Pentima et al., 1995) . Quite recently, as a first step toward elucidation of the molecular mechanisms whereby CA delays the rapid onset of harvest-induced senescence in broccoli florets, Eason et al. (2007) used differential display analysis to identify a set of stress response genes induced during the first 24 hours under 10% CO 2 , 5% O 2 CA.
Glucosinolate content and flavor in Brassica vegetables
Broccoli and other Brassicas such as cauliflower, cabbage and Brussels sprouts include indole and aliphatic groups of typically bitter compounds known as glucosinolates, which, despite their valued potential long-range health benefits as anticancer agents, could negatively impact the flavor of these vegetables (Jones et al., 2006) . At present there seems to be no consensus as to whether the glucosinolates contribute substantially to Brassica flavors, and there are also widely disparate reports of changes in concentration during CA and MAP storage. No clear link between sensory attributes and glucosinolate content of broccoli was established by Hansen et al. (1995) and Baik et al. (2003) found that there was no correlation of bitterness with the principal glucosinolates in cooked samples of 19 broccoli cultivars. In contrast, Schonhof et al. (2004) showed a strong correlation between bitter taste and several major glucosinolates in broccoli and cauliflower, but the bitterness was much less perceptible in genotypes with high sugar content. One factor that could lead to different results in sensory analyses is whether the vegetable is cooked or raw, since cooking can cause substantial loss of glucosinolates (Jones et al., 2006) . In addition, it was recently reported that variability in a particular taste receptor gene determines whether consumers perceive glucosinolates as bitter compounds (Sandell and Breslin, 2006) . Concerning the influence of CA or MAP storage on glucosinolate content of Brassica vegetables, the general trend seems to be improved retention of these compounds in parallel with preservation of overall quality (Rangkadilok et al., 2002; Jones et al., 2006; Xu et al., 2006) . However, Vallejo et al. (2003) reported a major loss of glucosinolates during MAP storage of broccoli for one week at 1 °C, Hansen et al. (1995) observed a greater increase in air-stored than in CA-stored (0.5% O 2 , 20% CO 2 ) broccoli after one week at 10 °C, and in cauliflower heads held at 0 °C for up to 56 days, Hodges et al. (2006) showed a large increase specifically in glucobrassicin and gluconapin that was delayed in CA compared with air storage. These discrepancies may at least in part be explained by genotypic differences in Brassica varieties and cultivars, and different storage conditions. 6.4.3 Influence of controlled atmosphere storage and 1-methylcyclopropene (1-MCP) treatment on fruit aroma volatile production Both CA storage, which usually suppresses ethylene production, and prestorage treatment with 1-methylcyclopropene (1-MCP), which blocks ethylene action, can have profound effects on aroma volatile production during ripening of climacteric fruits. Extensive literature exists pertaining to these two topics and only a brief summary is presented here. Plotto et al. (1999) conducted a thorough comparison of aroma and flavor in CA-and air-stored (RA) 'Gala' apples, including evaluation of whole and cut fruit by a trained sensory panel. After 10 weeks in CA storage, fruity and floral notes declined, whereas vegetative and citrus characters were retained. Sourness and astringency were higher and sweetness was lower in CAstored apples, and a musty note was perceived in CA fruit after 20 weeks. Analysis of aroma and flavor compounds showed that fruity/floral esters were 15-fold lower in CA than in RA fruit after 20 weeks. Malic acid declined much more in RA fruit, explaining the 'sour' perception in CA fruit, but there was no difference in soluble solids concentrations. Although the effects of CA storage on other apple cultivars and other climacteric fruits may not be as pronounced, the findings for 'Gala' apples are representative of the negative impact CA can have on fruit flavor and aroma. On the other hand, Tough and Hewitt (2001) reported that despite a dramatic decline in production of esters such as butyl acetate during CA storage of 'Pacific Rose' apples, an untrained taste panel found that this had little effect on overall flavor, and the only perceived off flavor was in RA fruit, increasing with duration of storage and shelf life.
As mentioned in Section 6.3, 1-MCP treatment of apples, cantaloupes, and other climacteric fruits strongly suppresses biosynthesis of aroma volatiles, particularly esters, at the level of gene transcription and translation (Defilippi et al., 2005b; El-Sharkawy et al., 2005) . Kondo et al. (2005) found that production of volatile alcohols and esters remained very low in 1-MCP-treated 'Delicious' and 'Golden Delicious' apples stored for up to 28 days at 20 °C. A low-dose 1-MCP treatment (0.2 µL L -1 ) reduced synthesis of acetate esters in 'Packham's Triumph' pears ripened five days at 20 °C after two months of RA storage, but the ester biosynthetic capacity was recovered after four to six months of storage, and a consumer panel preferred 1-MCP-treated over untreated fruit stored for the longer durations (Moya-LeÌn et al., 2006) . Similar results were obtained with multiple very low-dose 1-MCP treatments (50 nL L -1 ) of 'Conference' pears (Rizzolo et al., 2005) . Most notably, optimal sensory quality was reached after longer storage times and production of butanol and ethyl butanoate were suppressed. evaluated the effects of both 1-MCP and CA, in combination or separately, on the production of various classes of aroma volatiles by 'Gala' apples after up to 28 weeks in 1 °C storage plus one week at 20 °C. With or without 1-MCP treatment, ester synthesis declined continuously in CA-stored fruit, whereas apples treated with 1-MCP and stored in air began to produce all types of volatiles after 20-28 weeks. Exposure to ethylene for one week at 20 °C after storage for 12 or 28 weeks stimulated production of mainly esters and alcohols in both CA-stored and 1-MCP treated fruit, but did not increase the levels of aldehydes or acetic acid. Treatment of apples and pears with 1-MCP also inhibited production of the sesquiterpene α-farnesene during cold storage by blocking expression of the α-farnesene synthase gene AFS1 (apple) or PcAFS1 (pear) (Pechous et al., 2005; Gapper et al., 2006) .
There are mixed reports of detriments or benefits of 1-MCP treatment in fruits other than apple and pear. In mature green mango fruit treated with 1-MCP at harvest, production of total aroma compounds, including mono-and sesquiterpenes, aldehydes, esters, alcohols and tetradecane, was reduced during ripening at 21 °C (Lalel et al., 2003b) . As well, production of esters derived from the fatty acid and amino acid metabolic pathways that contribute to the strong, characteristic aroma of ripe mountain papaya was shown to be markedly reduced by treatment with 0.3 µL L -1 1-MCP (Balbontín et al., 2007) . Conversely, treatment with the ethylenegenerating compound ethephon stimulated production of aroma volatiles in both mango (Lalel et al., 2003b) and mountain papaya (Balbontín et al., 2007) . Botondi et al. (2003) found that in the high aroma cultivar of apricot, Ceccona, 1-MCP treatment profoundly altered the volatile profile during postharvest ripening at 20°C
. Production of lactones characteristic of apricot and peach aromas was abolished, whereas (low level) generation of monoterpene alcohols increased over threefold. . The 0.25 and 1.0 µL L -1 treatments reduced the proportion of lactones and thus altered the aroma of ripened fruit. This change was described as a reduction of the 'over mature' note and an enhancement of the 'fresh' note. In contrast with the effects of 1-MCP treatment, a comparison of tree-ripened nectarines with those harvested when mature and then artificially ripened showed that the latter produced equal or higher levels of both lactones and C 13 norisoprenoids (Aubert, 2003b) . Interestingly, despite the substantially lower concentration of soluble solids and ratio of soluble solids to titratable acidity in artificially compared with tree-ripened fruit, sensory analysis by a taste panel detected no significant difference in sweetness or sourness.
Roles of ethylene and the future of 1-methylcyclopropene
The chapter has already dealt at some length with the roles of ethylene in postharvest ripening and senescence, and the effects of 1-MCP treatment on aroma volatile production in fruits. Nevertheless, a few additional comments are in order.
As stated in Section 6.3.1, the gaseous hormone ethylene regulates many of the processes associated with ripening in climacteric fruits. These include cell wall modification resulting in softening, conversion of starch to sugars, dramatic changes in pigmentation often associated with plastid transformation, and typically a large increase in biosynthesis of aroma compounds as well as a shift in the types of volatiles produced. Coordination and stimulation of these events by ethylene enables harvest of climacteric fruits at the mature, unripe stage followed by ethylene treatment postharvest to promote uniform ripening, a commercial practice used with bananas, tomatoes and other fruits. Despite the insensitivity to ethylene in non-climacteric fruits, the same processes and metabolic changes are no less profound during ripening on the parent plant. In some instances it is clear that other hormones replace ethylene in the control of ripening-related events. For example, it is well documented that auxin produced by the achenes on developing strawberry fruit inhibits the onset of ripening, and removal of the achenes triggers transcription and translation of ripening-associated genes (Manning, 1994) . In addition, as mentioned earlier in the chapter, it appears that expression of some genes and enzymes involved in flavor generation in non-climacteric fruits late in the ripening regime are induced by low levels of ethylene, e.g. ADH in grape berries (Tesnière et al., 2004) , valencene synthase in Valencia orange (Sharon-Asa et al., 2003) , and a cassette of carotenogenic genes in Navelate orange (Rodrigo and Zacarias, 2007) . Ethylene biosynthesis, perception, and signal transduction in plants are highly complex processes involving an array of genes and their encoded receptors and enzymes (for recent reviews see: Guo and Ecker, 2004; Klee, 2004) . In the two committed steps of ethylene synthesis, the enzyme 1-aminocyclopropane-1-carboxylic acid synthase (ACS) generates the precursor ACC and 1-aminocyclopropane-1-carboxylic acid oxidase (ACO) performs the reaction yielding ethylene from ACC. ACS and ACO belong to multigene families, with distinct patterns of expression among the individual isogenes. Two families of ethylene receptors (generically ETR and ESR) are responsible for ethylene perception, and it is thought that the mode of action of 1-MCP entails irreversible binding to these receptors (Blankenship and Dole, 2003) . Not surprisingly, there is evidence of differential regulation of these multiple receptors in tissues of Arabidopsis and tomato (Klee, 2002) . All receptors appear to interact with CTR1, a Raf-like kinase, as the next step in the signal transduction pathway, and gene knockout of CTR1 results in an always on ethylene response phenotype.
Much of what is known about regulation of ethylene synthesis and perception in relation to fruit ripening has been determined in studies using tomato as a model system (Nakatsuka et al., 1998; Adams-Phillips et al., 2004; Giovannoni, 2007) , although recent studies have begun to examine other fruits such as apple (Wiersma et al., 2007) . In addition to the promise of practical commercial benefits with respect to storage life and control of physiological disorders, studies with ACS and/or ACO antisense transgenic lines, and on the effects of 1-MCP treatment, have provided a great deal of information on ethylene's regulation of texture changes and flavor development during fruit ripening (e.g. Fan et al., 1999a,b; Yahyaoui et al., 2002; Defillippi et al., 2004 Defillippi et al., , 2005a Manríquez et al., 2006; Nuñez-Palenius et al., 2007) . The tools of molecular biology have also been used to investigate the role of ethylene in harvest-induced senescence of broccoli florets (Gapper et al., 2005) . As well, a recent study of the pectin esterase gene family in strawberry provided the first evidence that ethylene plays a part in the undesirable textural changes during senescence of this non-climacteric fruit via repression of FaPE1 (Castillejo et al., 2004) .
On the applied side, effects of 1-MCP treatment on many aspects of textural and sensory quality are currently being evaluated in a broad range of fruit and vegetable crops. Examples include extended storage life and reduced decay of papaya (Manenoi et al., 2007) , attenuated ripening and softening of tomatoes (Guillén et al., 2007) , reduced softening of plums (Khan and Singh, 2007) , retention of firmness, juiciness, and acidity in summer apples (Pre-Aymard et al., 2005) , decreased sprout growth and reduced loss of sugars in onion bulbs (Chope et al., 2007) , reduced rates of softening and browning in fresh-cut kiwifruit, mango, and persimmon slices (Vilas-Boas and Kader, 2007) , and prevention of ethylene-mediated quality loss in fresh-cut watermelon slices (Saftner et al., 2007) . It is anticipated that this list will continue to grow at a rapid pace as 1-MCP becomes registered for use on additional commodities and the technology for low dose and/or repeated applications is perfected (Watkins, 2006) .
Summary and conclusions
Having progressed from the era of genomics to proteomics and now metabolomics, knowledge of the genes and enzymes involved in production of fruit and vegetable flavor compounds is increasing rapidly. The dramatic increase in and changing profile of aroma volatiles during the late stages of fruit ripening is a major focus of this chapter. The scope is limited to products of fatty acid and isopentenoid metabolism. Specifically, production of C 6 and C 9 saturated and monoenoic aldehydes from linoleic and linolenic acid by the combined action of LOX and HPL, reduction of aldehydes to alcohols by ADH, formation of esters from carboxylic acids and alcohols by AAT, production of mono-and sesquiterpenes by terpene synthases, and generation of norisoprenoids from carotenoids by CCD are addressed. Of particular interest is the extent to which these genes and enzymes are regulated by ethylene, the gaseous hormone required for ripening of climacteric fruits. As a general rule, expression of AAT genes in climacteric fruits is ethylene dependent, and consequently ethylene perception and responsiveness are required for volatile ester production. ADH genes, on the other hand, may or may not be upregulated by ethylene, as in climacteric melon and apple fruit, respectively. Postharvest treatment with the blocker of ethylene action, 1-MCP, and storage in low O 2 CA, which suppresses ethylene synthesis, are both effective means of maintaining overall quality and extending storage life. A downside of these technologies is that inhibition of ethylene perception or synthesis also blocks production of esters and usually other aroma volatiles, resulting in a marked decrease in overall aroma and shift in the aroma volatile profile.
CA storage, low temperature, and MAP are widely used, effective measures for preservation of fruit and vegetable quality after harvest. However, exceeding low O 2 /high CO 2 threshold limits for a given commodity, or temperature abuse (low or high) can result in production of fermentative metabolites (acetaldehyde, ethanol, and ethyl acetate) or development of other off flavors and aromas. Harvestinduced senescence of metabolically active green vegetables such as broccoli and asparagus, which includes rapid loss of sugars and other flavor components, is another important area of postharvest research. Basic studies at the molecular level are aimed at elucidation of how ethylene, dehydration, and sugar depletion promote senescence, and how CA storage delays it. On the applied side, good progress has been made in establishing CA and MAP systems to maintain freshlike quality, but there is still the risk of generating intense off odors if conditions exceed the fermentative threshold.
Molecular genetic manipulation of specific genes or groups of genes to increase or modify aroma and flavor generation in fruits and vegetables promises to be a highly active area of future research. Part of this work will undoubtedly focus on ways to maintain the benefits of inhibiting ethylene action and/or production without seriously compromising flavor and, more particularly, aroma. This pursuit encompasses further research on the use of 1-MCP to extend the storage life of fresh and fresh-cut fruit and vegetable products. 
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